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FOREWORD

This report was prepared by the Systems Division of Avco Corporation
under U.S. Navy Contract NOOOL9- 71-C-0325 entitled, Microstructure Studies
of Polycrystalline Oxides.

The work was administered under the direction of the U.S, Department
of the Navy, Air Systems Command, with Mr. Charles F. Bersch, Code AIR-
520327, an~ting as Project Engineer.

This report covers work conducted from 9 March 1971 to 9 January 1972.

The writers are pleased to acknowledge the contributions of the follow-
ing individuals to this program; B. MacAllister for mechanical evaluation,
R. Gardner for ceramographic preparation, J. Centorino and E. Vallante for
materials preparation, C,L. Houc: for electron microscopy, and T. Vasilos
and J. Niesse for useful discussions.
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ABSTRACT

This progrem was divided into three tasks within the general topic of
microstructure effects on properties of polycrystalline oxides. The first
task was concerned with the ldentification, origin, and elimination of strength
limiting flaws in fine grained, high density, hot pressed alumina. Care-
ful examination of transverse bend bars fracture surfaces from four billets
made with two different powders and two basically different process cycles,
revealed material flaw fracture origins in 60% of the bars, surface scratch
flaw origins in 12% of the barc, and no detectable fracture origin in 28%
of the bars. The principal strength limiting material flaws were either
defects traceable to chemical contamination or large grains grown by
exaggerated growth. These defects were studied in detail and in a number
of cases the source of the defect was identified. The discussion also dealt
with the implications of these findings on the various brittle fracture
theories.

The fabrication of complex alumine shapes by the press forging process
was studied with a goal of achieving not only the prescribed shape, but the
unique optical and mechanical propertiec of press forged alumina. Pre-
sintered right circular preforms were forged into thin shell hemispheres
with 60% in-line trensmission at 2 mm thickness and 5 ym wavelength. Strain
rate control was shown to be very critical and an effective deformation
schedule was defined.

The consolidation of high purity fine particulate organo-metallic
derived Algo was studied on a cooperative program with the Alr Force
Materials Teboratory. Specimens in excess of 99% density with a 4 ym grain
size were fabricated. Intra-agglomerate densification was ldentified as
a possible rate and microstructure limiting process. Various powder prepara-
tion processes were ildentified and judged worthy of continued research.
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I. INTRODUCTION

This program was divided into three tasks within the very broad topic
of microstructure effects on properties of polycrystalline oxides. The
first area to be described deals with the cause and effect of strength
limiting flaws in fine grained dense hot pressed A1203. This is appropriate
as designers need ceramics with more consistent mechanical properties. If
strengths could be raised, this would be a side and well received benefit,
but a low standard deviation around a 70,000 psi strength would be of
considerable value from a design viewpoint. It was also thought that this
study would influence the current controversy between Griffith crack and
dislocation nucleated fracture in polycrystalline Al,03 at room temperature.

The second area of study 1s a continuation of press forging process
research., Earlier work had demonstrated the unique optical and mechanical
properties of press forged A1203. It was also shown that this teciinique
could be used to form a thin shell hemisphere from a circular right cyiinder
preform, thus establishing a new technology for the forming of shaped ceramics.
The objective of this study was to continue process research aiming toward
the achlevement of a hemisphere with equivalent properties to those observed
for flast plate forgings.

The final ares to be discussed is the consolidation of alkoxy derived
high purity A1203. This study is being conducted as a joint project with
Mr. K.S5. Mazdlyasni of the Air Force Materials Laboratory. The goal of this
study is the achlevement of a fine grained ultra high purity polycrystalline
A1203 body which would aid in the separation of structure sensitive and
composition sensitive mechanical behavior. If unique properties were obtained,
this would be of interest from an application viewpoint.

IT. FLAWS IN ALUMINA AND EFFECT ON STRENGTH

A. General

The Weibull theory of flaw distribution has been shownl to be
applicable to the description of brittle strength in hot pressed A1203. 1t
is thought that at least two types of flaws are responsible for fracture.
Fractures outside the gage length of a bend test or the low values of the
strength distribution curve are probably caused by large flaws that are
chemically and/or structurally different from the matrix (designated Type I
flaws). The second type of flaw is responsible for the fracture at the
average and high end of the strength distribution curve in a material that
has a low enough concentration of Type I flaws that all of the fractures
are not related to Type I flaws. These Type II flaws are probably associ-
ated with the normal microstructural features usually considered as intrinsic.
It is the Type I flaw that must initially be found, characterized, identifieqd,
and eliminated if Alj03 is to be utilized structurally near its mean strength
(questionsof corrosion and fatigue are important also). This type of flaw
should be apparent during the course of ambient atmosphere bend tests. Care-
ful microscopic flaw analysis of fracture specimens was the approach taken
for this study. It is expected ultimately that work can also Le accomplished
in the area of inherent flaw analysis, although this study will be dtrected
toward Type I flaws.

L U S A P N PRI NS SR )
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B. Powder Characterization

! \
. Powder selected for thic program was supplied by a vendor previousiy e
\ " used for many fabrlcatlop studies on moderately high purity Al203 with a

- : specification of 99.98% pure and 0.3 micron particle size. EmisSion or mass
- spectrogravhic analysis of starting powders gives a very selective volume

. S analysis wlich may or mar not be representative of the total bateh. Further,

T 3 ar impurity particle or high concentration of colid solution impurities

Ro could be completely by-passéd in the sample selection process, {Therefore,

. Vendor I powder lots 106 and 119 were subjected to a screening, oulllng,

4 . and x-ray analysis in addition to the standard emission spectrographic

S : analysis.

- g ‘ . The powders were screened through - 200 mesh (7h mlcron) screen,
v xamlnatlon of ‘the +200 mesh fraction unde: a stereomicroscope revealed
foreign particulates consisting of non-oxide looking material and apparent |
oxides with non-alumina morphologies. In the first category were organic-
looking fibers (probably cellulose), metal turnings, yellow-brown flakes,
shiny black flakes resembling graphite, and black grains, and miscellaneous
particles of various cclors (green, pink, yed) all of which are illustrated
in Figure 1. 1In the second category were numerous colorless, transparent
to translucent particles, .and red-brown particles (possibly aC-Fe203) il i
! such particies which could be found in the +200 fraction of lot 106 were . .
‘ removed and, under a polarizing microscope, separated into anisotropic and ‘
isotropic {ractipns. Debye-Scherrer analysis suowed the anisotropic fraction,
‘as illustrated in Figure 2, to be single crystal alphea quartz grains and the
isolropic fraction o ‘be polycryatalllne alpha cristobalite particles. The
apparent optical isot bpy of the cr1utoballte particles was provably due to
fine polycrystallinity. The anisotropic qnd isotropic fractlions both showed
one alditional unidentified phase which mgy be a phosphate such as NapPo07
l \A 10 ﬂeo.\ The diffraction patterns of this latter phase were similar to
» unidentified raflections obtained from the small spherical defects found .
in a hot pressed billet. !
[ H
In addition to the obviously foreign particles, tne +20C fraction
from lot 106 showed three different Al O particle morphologies: predominant
irregular, opaque vwhite particles and %lakes, as well as opaque white
spherical particles (approxii:ately 0.1 mm diameter), and translucent bluish- |
white flakes. Debye~Scherrer analysis chowed all three to be primarily
°('A1?05 with minor amounts of a poorly crystalline fransition Al507. The
bluish-white Flakes appeared to contain more of the transition form Than
the other two types.

——

Semi-quantitative emission spectrographic impurity analyses for
these two powder lots and aithird 1ot used in this phase of the program are
reported in Table I. Judging by these analydes, the overall impurity
concentrations were extremely low, giving the impression that the powders
were of high quality. Tt is now thought that these arhlyses do not adequately i
represcnt the gross particulate impurities discussed above. i

\
_ Although pgwder fromlonly one vendor was Qubjected to this detailed
analysis, the authors believe that other suppliers of Al,O; powder marketed
under & similar specification are subject to similar findings. This will
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Figure 1. Non-Ceramic Inclusions Separated from Powder Lot 119.

548228 .
Figure 2. Quartz Pagticles Separated from Powder Lot 106.
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Table T

e

EMISSION SPECTROGRAPH IMPURITY ANALYSIS OF

ALUMINA POWDER¥

Concentration
Lot 106 Lot 119 Lot 120

Tmpurity Element - _bpmw ppiw pomw

Mg L1 1-10 1-10

Ca ND 1-10 1-10

Si 1-10 10-100 10-100

Fe 1-10 1-10 1-10

Cu 1 Zl L1

Ga 1-10 1-10 1-10

?b 1-10 ND ND

*Vendor I
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become clearer in the next section where defects with a S:‘LO2 origin are
found in a billet fabricated from Vendor IT powder.

It is recognized that contamination during consolidation processing
can also contribute to the defects discussed in fabricated billets. However,
every possible precaution was employed to insure the validity of the powder
analyses as representing the "as-received" analysis. '

C. General Defect Analysis
A number of hot.pressed Al;0, billets were examined for Type I
defects by a variety of microscopy ané analytical techniques. An attempt
has been made to categorize the predominant defects.

1. Spherical Shade Zones

Defects in this category contained no obvious inclusions as
detailed by optical microscopy and were one of several shadings relative
to the matrix; light color spheres with no distinet boundary, dark color
spheres with no distinet boundary, and light color spheres with a distinet
ring and halo effect. The latter defects are illustrated in Figure 3.
¥-ray analysis was performed on one of the isolated defects illustrated
and compared with analysis of the matrix. No phase composition differences
were detected as &-Al,05 was the major phase, and MgAl,O) was a minor
phase. Several weak uniéentified lines similar to the patterns identified
as Nau0207 » Hy0 from powder lot 106 were observed in both analyses.

Scanning electron microscopy and microprobe studies were
rerformed at Naval Armor Depot* on six spherical defects. The defects ammunition
appear to be characterized by increased porosity and often a central large
pore cavity as illustrated in Figure 4. The microprobe scans of the defect
area detected increased Si and C over the matrix on four defects, increased
51 only on one defect, and no impurity on the last spherical defect. The
coincidence of Si and C is interesting as C will reduce 8102 at 1525°¢ (near
the temperature of hot pressing). Although fabrication is conducted in
graphite dies, C 1s not in conbact with interior reglons of the billet., A
CO/002 mixture is the predominant gas in ambient graphite die hot pressing?®.
It is probable that the CO/002 ratio is at the equilibrium value for the
reaction:

2C0=C+Cop
A FC = 34,400 cal/mole (1)

At 1800% the equilibrium coistant Ky is 10'“'17, and for the condition
Poo + PCO2 = 1 atm., this gives Pyg = 1 atm. and Pco2 = 10"%17 atm,

The potential reaction of interest is

8107 + 40O ——amSIC + 300, ) (2)
AFO = 496,400
18009k

where Ko = 107117, Assuming an activity of unity for SiC and 510, at

*Examination performed under the guldance of M.I.T. Instrumentation Lab
by T. Ellis, NAD, Crane, Indiana.
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Figure i, Scanning Electron Micrographs of Spherical Defects
Showing Porosity and Pore Cavity.
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equilibrimm
(Pco,)? ~11.7
2 = 10 (3)
(Pog )
However, due to reaction (1)
3
qQ = (Poop)” (10'1*'5()_3 = 10712.61 (4)
(Pog M (1)

thus, :
Q, —_ 10*12—61 ‘f 10'1107 L4 K2

S—

meaning that reaction (@) will proceed to the right. At high pressures,
which certainly are present within the pore structure, reaction 2 would be
further enhanced, thus the presence of C within these defects can be
explained as due to s reaction of 510, with CO to form SiC. If N was
present, the tendency ror the reaction to proceed would he lessened, but
it is still expected to be fmvorable.

2. Second Phase Inclusion

Several examples of second phase inciusions were found. An
example of one such inclvsion that was isolated by sectioning is shown in
Figure 5. A spherical shading zone is assoclated with this type of defect,
but the central large graln was the point of interest. The grain shown
in FPigure 5 was chipped out and identifled as & -quartz by x-ray diffrac-.
tion. This result correlates with the powder analysis except that the
particular biliet from which this was extracted was fabricated from Vendor II
powder. .

Figure 6 illustrates a second inclusion morphology in hot
pressed Al,0,. This linesr defect is probably related to elther the
metallic or drganic fibers shown in Flgure 1.

Earlier studies hawve shown that graphite can became included
in hot pressed Alp0,. Great care must be exercised in d'e loading to
prevent this contaming ..on and, based on this study where no clear examples
of graphite inclusions were found, this source of defects can be prevented.

3. Exageerated Grain Growth

Alpha Al,0, grains, which are much larger than the matrix,
are considered potential flaws as once they became carcked they would
demark the critical crack length as defined by the Griffith criteria.
Figure 7 illustrates a zone of < -Al,0, grains 170 microus long in a
villet made with lot 120 powder. No sp%nel was detected in these grains
although an independent x-ray analysis of the matrix showed two lines
identifiable as MgAl,O).
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Figure 5. ©Second Phas. "nclusion Identitied as of-Quartz from
Billet Fabricated from Linde A (polarized light),
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5517-3 100X

Figure 6. Linear Defect in Hot Pressec Al;0, Not Positively
Identified but Probubly Related t& Fibers Found in
Powder,




4, FPine Grain Region

Figure 8 illustrates a zone o fine grains which appear to
be poorly bonded and porous. The size oi' this defect is only several matrix
grain dilameters, thus it is much smaller +“han the spherical suade zones
previously discussed. This fine grain dercct is thought to be a pocket
where agglomerate bridging has prevented adequate partisle contact for
solid state diffusion, sinterlng, and grain growth. There is no evidence
that this defect has a chemical origin.

D. Hot Pressed Alumina for Testing

Billets for the mechanical test ;rogram were fabricated from
Al;_,o3 reported to be 99.98% pure by the -:mder supplier. Several variables
wvere”introduced into the test matrix by :ne billet selection. This is best
explained in conjunction with Table II. {rain size is reported as 1.5 the
linear grain intercevt., Introduction of the FLU blllet permits a compari-
son of material made with Vendor II versus Vendor I powder. However, coupled
with this comparison is the fact that none of the Vendor I powder billets
employed a vacuum pressing atmosphere throughout the process cycle. The
comparison of results for 642 and 645 he: the fewest potentially mitigating
variables, &s only the powder lot number is thought to be a significant
varisble. A compsrison of results for €2 and 1570 compares additive species,
concentrz ‘on, and pressing atmosphere, :ceping a constant Al,03 powder lot
number.

Table Iv

HOT PRISSED ALUMINA FOR MEHANICAL TEST PROGRAM

Billet Density Grain Size Additive Pressing
Number gm/cc microns Powder wt. % Atmosphere

FLU 3.979 1.8 Vendor IX 0.25 Mg0 Vacuun

642 3.969 2.8 Venggr I - 0.25 Mg0 Argon-Vacuum
1

645 3.959 Vendor I - 0.25 Mg0 Argon-Vacuum
. 120

1570 3.970 . Vendor I - 0.20 Mg0 Ambient
106 0.10 NiO

E. -Transverse Bend Strength and Flaw Analysis

Strength measurements were conducted in four point bending in
ambient air with a relative humidity of 55%. The strain rate employed in
testing was 6.9 x 10°7 sec™i.

FLU specimens were tested using a rigid alumina knife edge fixture
especially designed for high temperature testing. A nickel alloy ball
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Figure 7. Exaggerated Grain Growth of n(-A1203 in Billet
Fabricated from Vendor I Lot 120 Powder.

Te2hT T500X

Figure 8. Fine Grained Porous Weakly Bonded Defect in Billet
Fabricated from Vendor I Lot 106 Powder.
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bearing and stainless steel fixture was designed and built for the remain-
ing testing, principally to reduce stress concentration and knife edge
frictional effects. Consideration was also given to the shifting of the
point of tangency at the load and support points. Vrooman and Ritter3 have
shown this to be a serious problem at high deflections, requiring a numerical
analysis to obtaln corrected stresses. The error in stress for the new
roller fixtuvce testing Al50, at 100,000 psi was calculated to be 0.025%.

At this level and with the étandard deviations usually found in Al.0, testing,
it was considered unnecessary to employ the numerical analysis., Shafd* has
discussed the interpretation of fracture features on glass to include mirror
region of smooth crack extension from a flaw, crack branching, and interac-
tion of the crack frc o with stress waves reflected from nearby surfaces

to form Wallner lines. Kirchner et al? recently demonstrated that these
regions may be identified in polyerystalline Al-O, and are useful in some
caseg to find the fracture origin. Further, fracéure origins could be
located in several of their bars. Similer techniques were employed in this
study.

Bend strengths are reported in Table IIT along with the results of
a detailed flaw analysis employing a combination of stereo and reflected
light microscopy techniques as well as electron microscopy replica techniques.
These results are sumarized in Table IV.

Figure @illustrates the entire fracture face of a specimen in the
FLU series. The interpretation of the crack pattern on this fracture surface
was that the critical flaw was in the center of the bar's width 4 mm (on the
photograph) below the surface. A higher magnification of this region is
shown in Figure 9b. By carerul fracturing and separation techniques, the
flaw was isolated in a small fragment of the matrix material. The x-ray
diffraction pattern of this fragment consisted of a fine polycrystalline
o -Al;0, pattern with a superimposed "single crystal" -Al;0; pattern.
The fraghent was also examined in plain and polarized transmit%ed light.
This showed a very fine grained transparent matrix surrounding 2 or possibly
3 large pale green transparent grains. Throughout each of these grains,
very fine opaque inclusions were observed. It could not be determined
whether these fine inclusions were crystalline or pores, but the latter
appears more likely. Thus, what appeared to be a 75 P grain was actually
20r 3 c(-A1203 grains high in impurities.

Figure 10 illustrates a sub-surface fracture origin in a bend bar
from the 645 series. This sample was not subjected to the detailed X-ray
analysis of the previous sample, but it was thought that a very similar
sub-surface secondary grain or perhaps two grains based on electron micro-
scopy was the cause of fallure. This single or compound grain was not
colored,

An alternate interpretation of flaws of the type illustrated in
Figure 10 vhere corroborative evidence is lacking is that such "grains" might
actually be regions of transgranular fracture. Figure lla illustrates an
interesting region at the edge of specimen 6L2.5, which, at first glance,
had the appearance of one large grain. However, the photamicrograph and
electron microscopy examination (11b) show many grains within this region
with a grain size a factor of four larger than the matrix. This was the
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TAFLE IIT

FRACTURE STRENGTH AND FLAW ANALYSIS

Specimen Bend Strength
Number Kpsi : Observations
FLU-la 46 Bleck colored inclusion at fracture
g origin.
4 '2 FLU-3a 7 Fracture origin at a large grain.
% ‘% FLU-la T7 Black inclusion at fracture origin.
A\ FLU-6a 48 Large grain at fracture origin.
A 3]
E FLU-Ta T8 No obvious flaws at fracture origin;
i ) however, several very small black
- spots in the general area.
k- ﬂ Average - 65.24
S Standard
. Deviation - 14.9
: B :
9 é 6l2-1 89.0 Fracture origin either large grain
% l% or ublong 15 u patch of fine grains.
;ﬂ '% 642-2 95.0 Double fracture; one fracture origin
E | large grain, other origin oblong 15 u
R patch of fine grains. ‘

642-3 89.0 Fracture origin one of following;
longitudinal surface scratch, red
inclusion, black inclusion.

AL

—
Vi s A Y TR

642-b 95.3 Fractured outside gage length.
3 Fracture origin possible large grain,
1
3 6425 91.h Fracture origin at large grain.
N
-é 6426 86.0 Fracture origin at oblong 15 p patch
g of fine grains.,
f Average - 91.0
E Standard
Deviation - 3.b
645-1 48.6 45° surface scratch interacting
with fracture origin.
. 645-2 b1,k Either black inclusion or large

grain as fracture origin.




Specimen
Number

645-3

645-5
656
6U5-T

645-8
645-9

Average =
Standard

Deviation -
1570-1
1570-2
1570-3

1570-4

1570-5

1570-6

Average

Standard
Deviation

14

TABLE III cont.

Bend Strength
Kpsi

53.3

Observations
Broke outside gage length. 459
surface scratches interacting with
fracbure origin.
Black inclusion at fracture origin.

No flaws located.

Sub=-surface spherical shade zone as
fracture origin.

Black inclusion at fracture origin.

No flaw located, corner fracture
origin.

PFracture
located.,

origin at correr. No flaw

Fracture
located.

crigin at corner. No flaw

Fracture No flaw

located.

origin at corner.

Fracture No flaw

located,

origin at center.

Possible large ggain at fracture
origin. Also 60  surface scratch
interacting with fracture origin.

40° surface scratch interacting
with fracture origin.
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Table TV ]
SUMMARY OF FLAW ANALYSIS -

Oblong Spherical .
No. of No Flaw Large Black Fine Grain Shade Surface )
Billet Tests Located Crains Inclusion Region Zone Scratches {1
FLU 5 1 2 -2 0 0 J
Average §
Strength, i
Kpsi 65.2 78.0 62.5 61.5 i
6h2 6 0 2 1 3 0 '
Average ;
Strength,
. Kpsi 91.0 93.8 89.0 90.0
645 5 2 1 2 0 1 2 ,
Average
Strength, _
Kpsi 60.7 67.9 hi.b T1.5 63.1 50.9
1570 6 y 1 0 0 1 |
Average
Strength,
“f Frequency of
g Occurrence in
£ Total Testing 284 24 0% 129 L% 124

3
]
i
3
-§
3
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Figure 9. Bend Dpeeloen L=t Showing (a) Entire Fracture
Ylll‘l_'!n_.‘t.‘_, wd ((8) fark olorad Graln at Fracture Origin.
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) Yigure 10. Specimen 645-2 Showing {a) entire frdcture face with flaw
nrroved, (b) higher magniflcation optical views, and (q)
electron micrograph of secondary grains presumed to be the
critical flaw.
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Figue 11. Mirror Zone at Edge of Specimen 642-5 (a) exhibiting similar
appearance to large grains, and (b) electron fractograph of
zone indicatlng a moderately fine grain size and transgranular
fracturing.
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closest example found to the classic mirror fracture in glass.

The inclusicns Tound as fracture origins were categorized as "dark"
inclusions and although most were black, a few red particles were seen. None
of the inclusions observed at fracture origins were linked conclusively to
the 5105 inclusions discussed in Section C2. Detailed structural and chemical
analyses were not carried out or most of these flaws. In one case where a
detailed analysis was conducted, what at first appeared to be a single dark
inclusion, was found to consist of several colcred ©(-Als0, grains (see
. discussion pertaining to Figure 9). Another fracture orig%n flaw thougnt
to be an inclusion is shown in Pigure 12.

Only one white spherical shade zone was found as a fracture origir
in this test series. This was not photographed. However, a flaw fracture
origin similar in appearance was photographed from another FLU test series,
and is shown in Figure 13.

Billet 642 had a high incidence of oblong fine grained defects
at the fracture origin. Figure lha illustrates a macroscopic view of
specimen 642-2, At higher magnifications, the fracture surface was indistinct,
so the tensile surface was polished to intersect the flaw. Several specinmens
with similer flaws were polished before cobtaining a sultable polish.
Figure 1lhb illustrates the appearance of the flaw, and one is illustrated
similar in appearasnce to that shown in Figure lha. The ares having the
appearance of % of an oval is the flaw origin. The edge was difficult to
prepare, thus it is uncertain whether or not the ares was ) .rous; there is
a strong possibility that this is the case, Figure 15a 1is & polarized
light photomicrograph of thz same flaw shown in Figure 1Ub clearly outlining
the extent of what can be identified ac a second phase., Further evidence
for a second phase is shown in Figure 15b where this area was llghtly etched
with phosphoric acld. The second phase zone has been selectively attacked
leeving a few lightly etched grains of the second phase and a matrix that
is virtually unetched. Thus thé defect appears to have a chemical origin
and is not related to the fine grain unbonded regions shown in Figure 8.

Several specimens had fractures that were identified as originating
from surface scratches. TFigure 16 illustrates the basis for such a
conclusion on a specimen 1570-6., The flaw origin identified on the basis
of the crack pattern in Figure 1l6a matches the scratch 45° to the bar axis
shown in Figure 16b, These scratches were inadvertently introduced on
several bars during hand honing of the edge radius. This was unfortunate,
as the strength-flaw analysis showed them to be the most serious flaw
encountered.

F. Discussion

i The Vendor I powder analysis revealed an extremely critical problem.
Any of the non-slumine contaminants are thought to be potential sources of
flaws., Even an organic fiber could burn out during processing leaving
behind a zone of poor bonding as Figure 6 suggests. In addition, a Jiber
could leave behind a C residue which might react with 5i0,, for example.

The presence of large O -quartz grains was clearly the most disturbing
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Figure 12. Flaw Origin Occurring at a D : Inclusion in FLU 2-la.
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Figure 13. Flaw Origin Occurring at White Sphericsl Shade Zone
in FLU-3-1V.
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Figure l4. a) Fracture face in billet 642-2 of specimen having
oblong flaw, aad b) polished face normal to fracture J
face. 3
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; Figure 15. Section normal to fracture face on 642-oblong patch
' flaw viewed a) polarized light, and b) after light etch. .




GG I Rl Ll G et

NN

3
4
3 -23~
|
.e
(f_
i
H
1
;
i
i
)
i
i
5394-8 15X
.
i
. _‘
A
?
B i

SIS GBI e

55949 (v) 15X

Figure 16. Specimen 1570-6 showing a) fracture origin, and
b) correlation of 45° surface scratch with fracture
. origin.

)
#
5
1




-2l

finding, as 3102 was linked to defects in hot pressed billets. This level

of contamination is truly remarkable in a powder giving 1-10 ppm impurity
analysis for this element, and leads to the view that emission spectroscopy
is an extremely selective analytical technique. Subsequent analysis of a
5105 inclusion in a billet made from Vendor II powder leads to the conclusion
that such impurities can be present in powder from both vendors. The
production of high quality Alp03 bodies will require either finding a source
of inclusion-free A1203 powder or encouraging the present manufacturers to
exercise scrupulous care in powder production.

Inclusions can be introduced during consolidation processing. Examples
of this have not been clearly defined during this study, but previous work
in hot pressing Algog has shown the necessity of establishing procedures for
eliminating particuléte carbon as an in-process inclusion.

Spherical shade zones probably are of several different origins.
They appear to be slightly higher in porosity than the matrix, and it is
thought that many have a chemical origin, Apparently an impurity singularity
undergoes a chemical reaction and affects a spherical zone surrounding it.
The center of the sphere 1s quite porous. Only one example of this defect
as a fracture origin was encountered in the mechanical testing. These
defects were widely spaced reducing the probability of them being in the
zone of maximum stress. This does not mean that such defects can be ignored
or minimized as applications such as gas bearings and substrates require
highly perfect defect-free surfaces.

Second phase inclusions, particularly in the case of Si0p are, in
some cases, similar to the spherical shade zone defect. The second phase
is either of a large particle size so the reaction is incomplete during the
thermal cycle or the phase is thermodynamically stable. An example of the
former case is the large o<-quartz grain in Figure 5, and an example of the
latter condition is MgAloOL which showed upon x-ray analysis several times.
It should be noted that MgAlo0), was never specifically identified with an
observable defect. Ball milling the powder is thought to be beneficial.
This reduces the particle size of inclusion contaminants and uniformly
distributes the grain growth inhibitor. It is thought that a finely
divided S5i0p will react to form 25102 . 3Alo0; as a thin graln boundary
second phase which would be preferred over a éarge o¢-quartz inclusion.
The grain boundary phase would still represent a source of weakness as the
grain to grain bond strength would be reduced over a pure Algof system,
MgAlo0), second phase is observed more frequently due to MgO belng added in
a concentration exceeding its so0lid solubility level than as a regult of
nonuniform mixing of the MgO. Based on the work of Roy and Coble®, it i
estimated that the solid solubility for Mg0 is 0.0086 wt. % at 1500 C. The
results of this work probably underestimate the amount of that which can be
distributed in 2 um grain size AloO3 at 1500°C. Trere is some uncertainty
of the grain size for the A120 useg in the 1530°C so&ubility meas' rements
by Roy and Coble, A calculation of the number of Mg ions at the grain
boundary of 2 um grains, assuming a monolayer saturation, places the solubil-
ity for this at 0.0338 wt. %. It is unclear if the 0.0086 wt. % measured
by Roy and Coble should be added to the 0.0338 wt. $. It is clear in any
event that the 0.25 - 0.3 wt. % of grain growth inhibitor used should and
does produce a second phase, This level of additive historically evolved from
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sintering studies conducted at much higher temperatures where solid solubil-
ity was greater. The presence of MgAloO) cannot be beneficial for mechanical
behavior; thus, it is concluded that lowér levels of additive must be tried.

There are several possible explanations for exaggerated grain growth
in hot pressed material. Since MgO is added as a grain growth inhibitor, one
explanation is that the Mg0 was not uniformly distributed and that the grains
grew by the classic exaggerated grein growth mechanism. The fabricated
process included a 16-hour wet ball milling as the manner of mixing the Mg0,
which is usually considered to be a very efficient and thorough manner of
mixing. A second possible explanation is that impurities were clustered in
a local volume and promoted grain growth to the point where exsggerated
grain growth took over, resulting in the very large grains shown. For the
one case illustrated in Figure 9 where a large colored 2-3 grain region was
found, impurity promoted grain growth is the most probable mechanism. It
is suspected that nonuniform mixing of the grain growth inhibitor may have
been involved in some of the other secondary grains observed.

o Tt

The flaw analysis shown in Table IV demonstrated that surface
scratches at an angle to the specimen axis result7in the greatest strength
reduction. This result is consistent with Rice's work in which he showed
that oxide bend specimens ground normal to the specimen axis were markedly
weaker than specimens ground with the final passes parallel to the specimen g
axis. This is apparently due to the increased crack width relative to the J
stress fleld and a commensurate increase in stress concentration. In the
case of the scratches observed in test specimens from this program, the
scratches also appeared deeper than the parallel grinding damage which
further accenuated the flaw. It was quite noteworthy that this type of
surface damage produced a greater strength reduction than any of the other
flaws discovered. Only one specimen conteining a deep angled scratch was i
observed which had a fracture origin other than the scratch.

The next most serious flaw was large secondary grains. It was i
interesting to note that these flaws could act as volume flaws as in several !
cases they were many grains below the surface. Thus the strength could be i
expected to be dependent on the volume under testlas predicted by Weibull
and experimentally verified by Pears and Starrett™. This could explain the
bimodal strength-frequency plot noted on one set of specimens by these
researchers, Some researchers have predicted that Alp03 would have strength
statistics governed by surface area Weilbull statistics, Volume statistics
would be expected to apply based on results of this program. For several !
flaws encountered in this program, the grain size and position below the
surface were measured, The calculated stresses at the flaws are plotted in
Figure 17, vhere all data has been corrected to grain size (1.5 grain inter- i
cept). The fracture stress values are intermediate betweeu the grain size - ;
strength curve for hot pressed Al,0; where billets werg annealed for grain :
growth then machined by Passmore, Spriggs, and Vasilos™, and the curve for |
as-sintered surfaces on AlQOg by Charles and Shaw?, They coincide quite
closely with the data of machined hot pressed Alo03 followed by annealing for
grain growth by Spriggs, Mitchell, and VasilosiO. “The coincldence appears
reasonable as an internal large grain could be expected to have a flaw size
closer to a sample where diffusion may have healed grinding damage cracks
compared with an as-machined sample of the same grain size where grinding
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damage is expected to have cracked surface grains to at least one grain
depth. The question of how a crack was initiated in an interior large

grain is interesting and probably very complex. One possibility is the
anisotropic thermal expansion of large grains compared with the matrix.

The flaw designated as an "oblong fine grain region" was shown to
have a chemical origin as it clearly contains a second phase. Thus, in
temms of the flaw analysis, this flaw should be added to the "black inclu-
sions" resulting in a 32% frequency of occurrence for chemically derived
inclusions as the strength limiting flaw. It is interesting to note, however,
that in billet 645 the strength was actually higher by 3 Kpsi for the speci-
mens with an inclusion than for the apparently unflawed specimens. Specimens
in the FIU billet were just reversed in that the unflawed specimen was
17 Kpsl stronger than the one containing a black inclusion at the fracture
origin. Two thirds of the specimens in billet 642 contained inclusions, yet
this was the strongest billet by a significant margin. Also, the standard
deviation is least for this billet. This latter fact was partly due to
the observation that the same kind of flaw was controlling most of the
fractures, 1In the general defect analysis it was noted that large particu-
late 5i0, was a major contributor to inclusion and spherical shade zone
defects. Although SiOo was not specifically linked to defects having a
chemical origin in the bend bar analysis, it is suspected as having caused
some of the defects noted.

A comparison of the strength results for the FLU billet made with
Vendor II powder and billets 642 and 645 made with Vendor I powder gave mixed
results, leading to the conclusion that one manufacturer's powder is not
necessarily preferred over the other. The powder lots tested seer to suffer
deficiencies characteristic of the time they were produced. The two Vendor I
powder billets,6h2 and 645, hot pressed by the same process, exhibited quite
different strength and flaw differences. This suggests that lot to lot
powder variability may be a significant factor in determining properties
of the hot pressed product. This, of course, has serious implications in
terms of producing en alumina body with a consistent strength or a reproduc-
bile high strength value that can be used for design purposes. The powder
lot used (106) to produce the higher strength billet (642) had a lower Si
analysis by emission spectroscopy. Even though it has been argued that
emisslon spectroscopy is a highly selective analytical technique, the Si
snalysis apparently can be taken as an indication of the quality cf the
powder lot. Based on a comparison of the average strengths of 642 and 1570
where the main variable was the atmosphere during pressing, it was concluded
that the vacuum-argon atmosphere fives a strength advantage. This is
consistent with the work of Ricel relating strength in hot pressed A1203
to gas phase entrapment. The ambient hot pressing atmosphere would be
expected to produce a greater gas phase entrapment. This comparisen is
partially compromised by the fact that additive specles and concentration
were also varied between 642 and 1570. A greater concentration of free
spinel phase or possibly a monolayer of reduced NiO in 1570 could have given
the same results, for example. It is important to point out that other
variables such as the powder lot may override the pressing atmosphere effect.
Note, for example, that 645 (lot 120, argon-vacuum atmosphere) and 1570 (lot
106, ambient atmosphere) show nearly equal average strengths. It is

e — T —————
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tentatively concluded that given the highest quality powder lot, an argon-
vacuun pressing atmosphere is preferred. It is interesting to note that
642 and 1570 produced with the same powder lot exhibited quite different
flow statistics. Billet 642 showed a high incidence of inclusions and 1570
was free of crack initiating inclusions., This suggests that the inclusions
noted in 642 are related to the process rather than the powder. This
possibllity has already been acknowledged several times in this study.

The results of this study beaf on the findings of the detailed
Weibull analysis of Pears and Starrett™., They found an effect of specimen
volume on the strengbth of alumina of the type predicted by Weibull Theory,
but a single set of Welbull constants could not be determined fram the data.
They conducted a fractography analysis forming a basis for elimination of
many date points where they observed macroscopic flaws., It is now thought
the billets supplied had flaws that varied in flaw density and type. The
volume effect on strength would be different for each flaw density=-type
combination giving a different set of Weibull constants. One set of Weibull
constants will be achieved only when the manufacturing of hot pressed AlgO3
becanes sufficiently controlled that such variables as shifting from one
powder lot to another no longer affects flaw density and type.

Also shown in Flgure 17 are the average strengths for the unflawed
samples. In the case of billet 642, there were no unflaved samples, so
the average strength for the villet was plotted. The data agree best with
that of Spriggs et 2119, since as-machined surfaces were tested for the
present study, it might be expected that the data would better agree with
that of Passmore et ald where similar surfaces were tested. It should be
pointed out that Passmore et al never measured material with as fine a grain
size nor achieved strength any higher than 90 Kpsi. The present resulis
appear to support the view that the strength versus grain size curve shows
a break at fine grain sizes. This has been taken by some investigators as
evidence fo plastic flow contributing to crack initiation.

In light of observations in this study and the work of others,
the question of dislocation nucleated versus Griffith flaw nucleated fracture
in polycrystalline Al.0- should be re-examined. The CGriffith equation for
plain stress long ell%p%ical cross section crack is

ALy \ 72 (5)
s e

vhere 7, is the fracture stress, E the elastic modulus, Y the fracture
surface energy, and C the half length of the elliptical cross section.

The dimension C has beon related to the grain size with the argu-
ment that damage due to machining extends from the surface some depth related
to grain size. Grain boundaries are considered to be effective in arresting
cracks, The W quantity contains terms relating to the thermodymamic sur-
face energy, the work to create clevage steps, the work to create secondary
cracks, and the work expended by plastic flow.
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Carnigilia12 and others have argued that the crack is nucleated by
a <islocation multiplication process at high effective stressus in the small
grain size regime and grows to some length related to grain size prior to
fracture. A Petch plot of the form

o =N (@) + e (6)

where N(C7.) is a constant related to the yield stress, K 1s a constant,
and G is g%ﬁin size, represents the strength data over a range of grain
sizes, At large grain sizes after the Petch plot branches, the Griffith
criteria were assumed to be controlling fracture in A1203, Mg0O, and BeO.

It h%s been previously noted that }f is a function of grain size
and porosity. 3 In general, 2{'15 low at small grail ‘zes and rises to

some maximum at intermediate grain size, only to fall again at large grain
sizes. The porosity effect is less pronouncedl3. As can be seen from an
examination of equetion,(5), this could have the effect of producing a

break in a @~ versus G2 plot, The cause of ¥ = £(G) has not been satis-
factorily explained, but it would be surprising if it were phenomenologically
related tu the arguments supperting a dislocation nucleated fracture of
polyciystalline A1203.

This study has shown that a substantial number of fractures were
nucleated by flaws many times larger than the grain size. Thus it is
suggested that as G decreases,the ratio C/G increases. This fact alone
could cause the @ versus G2 plot to turn over and bresk at small grain
sizes., Coupled with this effect, 1t was noted that many fractures originated
from sub-surface flaws. The effective crack length would be halved compared
to the same flaw at a surface site. Further, the crack geametry may be
different from a surface flaw going fram an ellipuical to penny-shaped
crack or vice-versa. The pemny-shaped crack requires about 60% greater
stress for propagation.

Thus, five possible explanations for a break in the room temper-
ature Cp versus G2 curves of polycrystalline Al203 appear to have merit.
Restated, they are:

(1) Yip ()

(2) ¢/6 »as Gees

(3) effective C » 2¢ for internal flaws
(4) elliptical to penny-shaped as &G

(5) 0 g (slip) exceeded

Direct evidence has been found for (1), (2), and (3). Mechanisms (1) and (2)
predict a lower strength as observed, while mechanisms(3) and (4) predict

a higher strength if the fine grain is the effective flaw. While the
possibility of mechanism (5) cannot be discounted, the evidence supporting
the Griffith criteria appears to be strengthened.
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G. Conclusions

1.

3.

‘!

Organic and inorganic contamlnatiov found in commercially
available 99.98% Al03 powder fram two sources leads to

inclusions and/or flewrs in hot pressed Al,03.

Ball milling

is an effective processing step for mlnlmlzlng the size of
contaminant particles and, therefore, the resulting flaw.

Spinel was found as a second phase by x-ray techniques, thus
establishing that 0.25% Mg0 is too hlgh a concentration when
the maximum thermal excursion 1s 150

0~C.

Exaggerated grain growth is a significant defect which is
caused by one or more of the following:

impurity assigted
growth, inadequate mixing of MgO, or the standard exaggerated
grain growth phenomenon.

Spherical shade zone defects in some cases gre a result of
an in-process chemical reaction of a contaminent with the

matrix.

Sixty percent of the fractures could be traced to a defect in.
The cause of failure could not be fourd in 28%

the material.

One type appears to be 5iC formed from SiOp + CO.
In other cases, they may be zones of slightly higher porosity.

of the specimens, and 12% of the specimens had flaw origins

corresponding to surface scratches oriented 45° to the specimen

- axis, which were inadvertantly introduced into Jjust these

10.

.11,

spec1mens .

Forty-five degree surface scratches produced the greatest
strength reduction, followed by exaggerated grain growth,
second phese inclusions, and spherical shade zones.

\

Crack initiation was ecorrelated with both large grains and

inclusions as much as 130 microns below the surface of & bend
bar, indicating that Weibull volume statistics! would probably
apply in a strength anslysls of this material.

Production of *wo billets produced from one manufacturer's

povder using difﬁerent lots but identical process conditions
resulted in microstructures which were identical on the average,

1

but had quite different strength properties and quite different !

flawved fracture origins.
gave the highest strength.

The powder lowest in Si content

Hot pressing in a vacuum-argon atmosphere gave a stronger
material than an ambient pressed body due to retained gas

effects.
i

The hHighest strength billet was not the billet with fewest
observed flaws,suggesting that processing variables such as
the atmosphere and dopant concentration affect strength.

]

The break in the Petch plot for polycrystalline Alg03 can be
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explained by the dependence of surfac=z energy on grain size,
the increasing ratio of flaw size/grain size with decreasing
grain size, the longer crack length for internal flaws , a
change in stress corcentration due to crack geametry, or‘;
dislocation Inucleated crack generation at high stresses.
Experimental evidence for the first three mechanisms lend

support to the Griffith fracture mechanism. ! e
. et Iy Fpinli
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..otodni TPrevions experimental effortsi::ompress:forging polyerystalline
3 Febtablishedrthatohiighs densityrbodies  can be- achieyed;with unique o3
gmgénies.:;smgmmm@gm_m transmissivity.is: obkainsd a8 9 resudt,of
ndarlybetmapletesparegenoval, and: high stallographic  textarings »Theyn e
" textured structure isﬁ:hieved by plastic deformation primarily on;,1he; basal
slip system. This texture is retained through primary recrystallization.
‘ 14b acubaserd nnlyo ool D
It was suggedted that the porosity distrib utéd thfoughout the
structnre prebented prefegmed mucleation;sites.for the new;geperation of
grainssduring reerysteilizatiom :This:process;itself, could; ebsorb. porosity
or-slel3truttares coul di baowore- suscentidle: to: continued: depsification .dys
tolthennearness. ofi pores tolghaindoundprniess: their; potential sinky: In-.
bordine A ghtdtransud selonb. o608 ati0s T wevelengthi wvere; achieved, Sor 4he
Porgedimbterisl as:compared:withsacmawinug ofl. 206 for the best:rsndomly. ..
orientedo paresfyée, 43 0n0 availableratean: egqnivalent; thickness, rFhig.resulted
il Promndhes preferred: basalo texture! edimisat ing e andarge extent-the, Light,
[ FasfLirabsionsdueo thobdrefringence. ixInyerss pole: figures demonstrated that
‘ thesérystdllographi chondentation vass strong. but-nabk.perfect, The misorienta-

\Momvub raccountg:for-the; ahsence: ofieven, higher.optical;trans«
- fisgioncfigures; 0 oo ords 203 sundeT yiend ot ol duooJend S
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N
©OcidA  .Thelsecémd property that vasrenhanced as

| & result:of: forging,was

mechanical strength. It was found that thei.sirength at eI96?4i¥g.nd;y,129Q',G

was nearly independent of graig size in the 1-20 micron range—"-2"%. Fracture
stréngthsoin the; 120001 £013W507C ﬁn@ﬁye.re.mexi 0% higher than straight

bodchdtapressed meterial ofsap-eghivaleat grain: sive:: “le;oHowever, .there.was ﬁg

appdientieffect:of:textureidn the: plastie properties. between 1475-1790°C;
pre L=aou H=0L ¥ O _gesuisd of balfotdlion e o fyey noidoeilah bigex
Yo zodamiiMostirecentlys. ;S thesprocess- has-heen:appliedrto, curved shapes;
whereasitheooriginilreffort ves:confived- to:flat: plates..: The thin.shell,
ohemisphtres: Porgedoin thesprevious program] vere-charagterived as haviing.a
| o10209rqroyof-tramsipcentumaterial; Al porous rim vith edge tesrs, and.a: o
[ omoderater caystallographit andinierosiruekral, texture .o« The, work Lo begsq
 descrdbed: ims eentered, oni dnproving babh; the, area: and: degree .of ~optical.,

. % ssiontwhile: comtdnaing processdevelopmenty studies)centered,axopnd -

'\ sri$train rageycontrol; lubrivedion, andspreform,specification, (The ultimage
goal was the achievementiof &;camplex:shaperby forging, having, the. inhexrent
properties of polyerystalline alumina such as good dielectric behavior, high
rain erosion resistance, and the improved optical transparency: end mechanical
properties of press forged alumina. : o
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B. Raw Materials and Preforms

Vendor I 99.98% Al20, powder was used for all forging experiments.
Section IT includes a descript%on of this powder. Two-tenths weight percent
MgO was added to an alcohol/alumina slip in a Waring blender. The dried
powder was isostatically pressed at 20 Kpsi into cylinders l— inches diameter
by 3 inches long. These were cut and shaped in the green state into circular
right cylinders 1 inch diameter by 1 inch high. Several of the cylinders
were shaped to include a 2 inch radius cap. One preform was shaped to fit

a 1200 arc of the forging die and punch set.

. The preforms were fired in H, at temperatures from 1100-1600°¢
which resulted in relative densities from 50% to 96%. It was of interest
to forge some of the higher density preforme as they were expefged to have
closed pores, and Hp is more soluble in Al,O; than other gases Thus,
any light scattering from entrapped gas molecules could be expected to be
reduced.,

C. Press Forging Procedure

Forging runs were conducted in an induction heated 75 ton press
using standard amblent graphite base hot pressing furnace construction
techniques. The forging die was constructed from high strength HPD Poco
graphite of a design illustrated previously hg. The die was designed to N
produce a 1.1 inch radius hemispherical cap end with a O.4 inch high tapered
cylindrical skirt. A pinned top ATJ punch was used which allowed hot
extraction of the male die. This was thought necessary because of the
fracture of an early hemisphere presumably due to cooling contraction on the
male punch. The boron nitride die lubricant was sprayed or painted directly
onto graphite. In most cases graphite paint was used between the male
punch and BN cover coat. Ambient atmosphere forgings were employed which
meant that at the forging temperature the atmosphere was predominantly CO
with a partial pressure of CO, and A. The argon permeated into the cavity
from the sight tube where it was employed as a sight tube flush. Also,
residual nitrogen was expected.

The die assembly was heated to the forging temperature in about
100 minutes, Upon equilibrating at temperature, the ram travel was initiated
and driven by a manual strain rate control. The strain rﬁte during the
rapid deflection regime was controlled to between 6 x 10-* sec" 1 and
1 x 103 sec™l, The above strain rates are the best present estimates of
acceptabla strain rates in the 1850°C range. Once maximum pressure was
reached, the deflection rate slowed down as forging and densification came
to a conclusion. The specimen was held at muximum temperature and pressure
for some prescribed pericd of time beyond that where deflection has apparently
ceased, Some densification continues by diffusion, and there is same L
evidence that multiple recrystallizations may take place in this period1
thus, a hold of 3-4 hours became standard practice. Upon campletion of the
run, pressure vas released and the male punch extracted.

D. Analysis
The degree of crystallographic orientation is an important




N MM_WH et ettt et e o

parameter for characterlzation of the forging process. An orientation
characterization technique has been developedl which is not as tedious as
the construction of a complete x-ray pole figure. It is best termed an
inverse pole flgure and readily allows an evaluation of relative crystallo-
graphic orientation. In this technique, the ratio of x-ray diffraction
intensities expressed as

Rl = f({hkl
fo(hkl)
where
fo = I(hkl)

%&ihkl)
for a random powder pattern and f 1s a similar function for s forged sample.

Another manner of expressing the orientation effect developed during this
present program is expressed as

R, = (hkl)

qo(hkl)
where

qo(hkl) = T(hi1)
1(006)

for a random powder pattern and q{nhkl) is a similar function for a forged

specimen. This technique has certain advantages that may prove useful.

The intensities are compared with just one pesk, the basal (006). Thus,

if reflections are masked due to interference, the entire calculation would

not be affected as it would when using € I(nk1) in the original technique.
hkl

Also, this method permits the calculation of intensities for just two or
three peaks to assess the presence of orientation. And finally, couperisons
can easily be made between rune checking for increased or decreased crystallo-
graphic orientation.

E. TForging Experiments

The experiments arz listed chronologically in Table V. The pre=
forua for forging 1576 vas a pre-fired 50% dense billet which was machined
to conform to the dle cavity and male punch over 120° of the hemisphere.
The preform was approximately 3 inch thick initially. The forging stuck
to the male punch during cool down presumably due to the slightly higher
thermal expansion coefficient for Alp0; than for Poco graphite. Although
it was cracked, it was quite transluceitt over 2/3 of the hemisphere. A
density measurement on the center section gave s 100% relative density.
Physical properties on this forging are reported in Section III F. The
die wes designed such that a 73% depth of forging was equivalent to a full
hemisphere, and & 100% forging was equivalent to 220° of arc or 0.4 inch
above a full hemlsphere. Thus, the 92% depth of forging achieved for 1576
was considerably above a full hemisphere.
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Forging 1577, was a very successful hemispherical forging. The
preform for this forging was a 96% dense 54 gram sintered cylinder 1 inch
diameter by 7/8 inch high. The temperature was slightly higher than some
earlier runs, and it was noted that the BN layer was white, smooth, and
unreacted compared with some earlier results where a dark reacted layer was
observed. The improved lubrication achieved with this BN-graphite paint
system apparertly contributed greatly to the success of this run. One other
differenze for this run compared with 1576 was that the male punch was tapped
mechanically after 1ifting it away from the female punch prior to cooling.
This apparently freed the A1203 piece from the male at the forging temper-
ature and consequently prevented cracking. The forging depth was equivalent
to 1576. The skirt was lower density and exhibited edge tears. The forging
was sectioned at the full hemisphere level, polished, and is illustrated
in Figure 18. The hemisphere was very translucent throughout. The apex was
slightly more opaque than the remainder of the surface area. This was
thought to be due to a dead zone effect. Most forgings exhibit slightly
different structures in a central zone adjacent to the punch centers due
to the reduced strain in this region. Several one-eighth inch long cracks
extended into the hemisphere from edge tears in the skirt. The deformation-
pressure~time plot for this run is shown as Figure 19.

Forging 1593 was an attempt to reproduce the successful forging,
1577. The run conditions were successfully reproduced right up to the point
where the male punch was to be extracted 1 inch, tapped and the power turned
down. A graphite pin broke preventing the accomplishment of the exbtraction
step., As a result, the hemisphere stuck to the punch. A number of techniques
wvere attempted to free the piece. It was finally removed by heating the
piece back up to 1800°C and tapping the die at intervals during the heating

step. One non-catastrophic crack was observed which had all the appearances
of being a brittle crack (as opposed to a crack cccurring during the deforma-
tion). Thus, it is thought that the crack developed during the removal
attempts. The hemisphere itself was very translucent over about 90% of the
surface area, Thus, except for the experimental difficulty noted above, it
is thought that the successful forging conditions of 1577 were reproduced
with very similar vesults.

Run 1603 was very similar to the earlier runs except the lubrica-
tion scheme was altered slightly. A graphite paint undercoat was used for
both male and female die faces. The intention was to increase lubrication
over the previous successful runs where the graphite paint had been used
just on the male punch., The sample was not forged as fully as 1576, 577,
and 1593, although it just reached the full hemisphere forging depth. Edge
tears, which began at a height 7/16 inch from the apex and extended 9/16 inch
to the edge, were more severe than experienced on the earlier runs. These
vere thought to arise early in the forging. The sample was clean and quite
translucent for about 150° of the hemisphere. The decreased depth of forging
wag opposite to the predicted effect and remalns unexplained.

Forging 1613 was conducted with a graphite paint undercoat on the
male punch only and the usual BN layer on both punches. The strain rate was
increased over previous forgings, and the sample forged to 34% of the full
forging depth., At a time when the load was between 2 and 3 tons, a non-
uniform deflection was noted. This shows clearly in the deflection-pressure-
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Figure 18. Hemisphere 1577 Press Forged fram Solid
Right Cylinder,
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time plot shown as Figure 20. The hemisphere exhibited a circumferential
crack £ inch in height from the apex. Radial cracks extend from this crack
to the edge of the specimen. A second run was conducted at this higher ,
strain rate to determine if the cracking was a result of deformation history
or perhaps preform strength. At a point about 20 minutes into forging of
16668, non-uniform deflection similar to that noted for 1613 was encountered.
Since it was suspected that cracking had again occurred, the run was termin-
ated after about 35 minutes. This served an additional purpose as plans had
already been made to produce a partial forging to study the material flow
characteristics. As expected, the pilece was only partially forged and
exhibited the circumferential crack in an identical position to sample 1613.
The deflection-pressure-time plots shown as Figures 19 and 20 were carefully
examined and compared. Deflection of between 0.210-0.350 inch occurred due
to what is called "pumping action", where the hydraulic system is activated
and controlled to give & prescribed deflection rate (0.030 to 0.050 inch/
minute). After sbout 12 minutes of this, it was necessary to apply measur-
able load to continue forging. In run 1577, the initial deflection rate was
0.050 inch/minute and the load was kept at 2 tons for abecut 10 minutes while
the piece deformed at a somewhat reduced rate of 0.020 inch/minute. As the
deflection began to slow even further, the load was increased to 3, 5, and
10 tons keeping the deflection rate at about 0.020 inch/minute. On the other
hand, run 1613 started off at a rate of about 0.030 inch/minute, was kept

at 2 tons only for 2 minutes, and as the pressure was increased above 2 tons,
the deflection rate sped up to almost 0.070 inch/minute. Based on similar
deformation behavior and cracking for run 1666, it was thought that circum-
ferential cracking occurred immediately after increasing the load above

2 tons due to exceeding the flow stress for the imposed temperature/strain
rate/microstructure conditions. These runs effectively established an

upper limit to the forging conditions for 94% dense preforms at 1885°C.

Run 1670 was an effort to reproduce hemisphere 1577 and eliminate
the circumferential cracking. The deflection rate, as noted in Figure 21,
was held at a constant 0.025 inch/minute by incorporating an 8-minute hold
at 2 tons. However, after reaching 5 tons cf load, the deflection rate
increased to about 0.050 inch/minute for 6 minutes. This forging did not
exhiblt the circumferential crack and the radial 1ip cracks were very
shallow, indicating that the strain rate control was the critical step in
eliminating the clrcumferential cracks. The sample was quite translucent
in the unpolished state, but had a dark surface skirt unlike the best forging.
The depth of forging was equivalent to 1576 and 1577.

Forging 1675 was conducted under similar strain rate control
conditions during the initial 30 minutes of the run., It was declded to
further reduce the strain rate from the 30 minute point on by introducing
a hold at 4 tons force and 6 tons force. This had the effect of reducing
the depth of forging to 75%. The edge tears were about equivalent to 1576
and 1577. The forging was quite opaque because of the increased wall thickness.

Run 1691 was introduced into the plan as an experiment on the
application of normal hot pressing techniques to the production of a hemisphere.
Loose powder filled the die and the maximum temperature was 1565°C. The
final density was only 89%. Poor pressure transuission in the lateral
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direction probably caused the poor densification, and no further similar
runs were conducted.

Run 1722 was conducted under the reduced strain rate conditions of
1675 with intermediate holds at U4 and 6 tons. The total time under pressure
was reduced from 225 minutes to 180 minutes. The results, however, were
quite similar in that a 75% depth of forging was achieved. Fdge tears were
somewhat reduced over 1675, but they were not reduced to the point where it
was worth the penalty in reduced depth of forging. This forging also
suffered from a defect not previously observed in forged hemlspheres; the
concave surface was covered with black sphericel defects. The particular
lot of Vendor I powder used has shown spherical shade zone defects. An
optical inspection of these defects led to the conclusion that they could
be caused by either contamination from the BN lubricant or the A1203 powder.

The MgO doping level was reduced from 0.2 to 0.12% for run_ 1727
as MgAln0) had been identified by x-ray diffraction on forging lh93l € and
1576 which contained 0.2% MgO. Although the reduced strain rate forging
conditions were employed, a large sudden deflection was noted during the
rvm, and the resultant piece showed a circumferential crack. The depth of
forging vas S8% indicating high friction and resistance to forging., This
was probably due to the cracking early in the forging. The partial hemi-
sphere was qulte translucent especially considering the 0.2 inch wall thick-
ness. The cracking may have been due to grain growth from the reduced Mg0
concentration, bubt further runs are necessary to establish whether or not
this is a problem.

F. Characterization of Forged Hemilspheres

Microstructural analysis of 1576 revealed an extremely dence
20 uwm grain intercept structure as illustrated in Figure 22, Approximately
5 v/o MgAl -0}, second phase vas observed which apparently results from the
0.2 w/o Mg0 addition. It was estimated from the x-ray lattice parameter
(ag = 7.95 R) results for the spinel phaselT that the composition was
81 w/o Al503. This is within the solld so%ution spinel fileld at the forging
temperature. At this composition each M *2 jon over .olid olubility has
considerable leverage as it brings & A1*3 and 13 0-2 with iv into the
spinel field. The edge of the specimen was free of spinel phase, suggest-
ing that Mg*® had volatilized from the surface. Analogous resulte are
observed for the same reason.

Figure 23 illustrates the microstructure of forging 1727. This
forging was more porous than 1576 as expected from the incomplete forging.
It vas interesting that the spinel phase was obcerved with only 0.12 w/o
MgO additive. The spinel concentration was estlmated at 3 v/o based oa a
lineal analysis.

X-ray analysis was conducted on forging 1576 for a determination
of the presence and degree of orientation. A 3/6" square whose center vas
13/16 from the apex was cut from the hemicphere. The convex side was ground
flat so that the final surface was parallel to the plane tangent at its
center. The orientation anelysls was conducted according to the techniques
discussed in Section D. An average of two x-ray scans for the two techniques
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were calculated and is shown in Figure 2k, An unoriented sample wole
indicate a straight line at R = 1 for both Ry and Rp.' The shape of the
curve is identical for both analyses confirming the predictions and reveal-
ing a high degree of orientation in the forged hemisphere. The new method
of data reduction appears feasible and should prove valuable in future
texture analyses of forged samples. |

The 1576 orientation data is com£ared with data from hewmisphere
1432 precduced last yearlugAand a flat disc forging (1277) produced carlierlhe
in Figure 25. All data was taken for a position within one iuch of the
center of each forging. The flat dlsc forging exhibited the highest degree
of aear center orientation achieved to date. The recent forging |shows a
65% - improvement in orientation over the early hemisphere. However, the
orientation is 50% of that achieved for the best disc forging. A rim
section of dise forging %1511 £ showed Rp=0=51, which is the strongest basal
orientation yet observed.

The section of hemisphere 1576 used for the orientation study was
polished 4nd is shown in Figure 26. The total and in-line transmission was
measured with a Beckman DK2 Spectrophotometer from 0.5 to .5 wavelength and
is plotted in Figure 27. Also shown is in-line transmission data between
2.5 - 7.5 microns wavélength collected both for the 1576 flat square and
hemisphere 1577 with d Perkin Elmer 621 Spectrophotqmeter. Transmission
for the 1577 hemisphere (pictured in Figute 18) was itaken through the apex .
which,correspongs to the dead zone in the forging. Transmission for other
positions could not te measured due to fixturing problems, but qualitatively,
the transparency was slightly poorer in the center than the side wall., The

hemiﬁphere wall thickness was epproximately three times the thickness of the
1576 !square, thus the higher transmission for the latter sampl@ was expected,

Two press forged A1203 specimens were tested in the Avco ten
‘megawatt arc facility. For comparative purposes, two MgAloQy specimens
produced on another progran}l were also tested.,' The 2 x 2 x O.25\inch
specimens were mounted or & 2 x 7.5 % 0.260 inch Al backplate ard ibonded
with an ablative epoxy which covered,the remaining portion of the backplate.
The inserts were placed in a water cooled wedge located in a 10 MW arc
heated supersoric air stream. The tést conditions are reported in Table VI,
All}specimens gsurvived the thermal shock environment with no cracking. It
was especially noteworthy that 1188 Alp03 specimen survived a mechanical
shock as well as a thérmal shock as it was blown considerably downstream when
it became unbonded. ) r | )
'

" One press \forged A1203 and one MgAlQOu circular right cylinder
specimen were tested for rain efosion resistance in the Avco rain erosion
test facility at a nominal encounter speed of LOOO ft/sec through a L0 ft
vain field with & water concentration of 0.6Th gm/mj. A 90° encounter angle
was empioyed. The data is reported in Teble VIT. The mass loss ratic ie
the mass of cample lost during flight over the mas<\of HoO encountered
during flight. Both sp imens developed surface cr&cks and conslderable
loss although the MgAlp0) was about 5 times wo§se. This difference in
resistance is accentuated due to the erosion of entire chips in the MgAl-0)
specimen,

1
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Table VII

RATN EROSION TEST SUMMARY

Test Mass Mean
Specimen Velocity Loss Mass Loss
No., Material £t /sec Ratio Ratio
1161 Al?O3 4550 0.48 0.40
‘ LoTS 0.28
3990 0.43
1399 MgA1,0y, L1320 2.08 2.08

Coments

Slight macroscopic
cracks.

Severe macroscoplc
cracks observed and
pleces of specimer
were lost in flight or
recovery.

el
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G. Dilscussion

The hemispherical forging experiments centered on the following
process variables; strain rate control, lubrication, preform geometry, and
preform microstructure. The Mg0O doping level received minor attention.
Forging temperature, pressure, and hold time were not varied during this
experimental series.

Three runs exhibited circumferential cracks which apparently
developed early in each run. The cracks developed because the imposed force
produced a strain rate that exceeded the flow stress for the temperature
and microstructure at that instant in the process. The exact conditions
cannot be defined, but approximate "safe" forging conditions at 1880°¢,
50-96% starting density are 0.050 inch/minute during the initial 10%
reduction, 0.030 inch/minute during the next 75% reduction, and 0.020 inch/
minute for the remainder of the cycle. Even with these conditions, fractur-
ing may occur on occasion. Four good forgings were performed under these
conditions achieving a very acceptable 92% depth of forging. It is thought
that the above conditions describe an upper deflection rate for successful
forging. However, it appears that lower strain rates also lead to problems.
Runs 1675 and 1722 had deflsction rates of 0.01l inch/minute after the first
10% reduction and as noted in Table V, incomplete forging occurred. This was
probably due to the fact that flow stress is inversely proportional to grain
size to some power function, and by slowing down the deformavl-r process,
grailn growth occurs and the flow stress is raised above the imposed force.
The force could ve ralsed some increment, but the fracture stress of some
of the graphite components is close to this level. As well as being a good
strain rate to achieve full forging, edge tears appear to be minimized.

Variation of the lubrication technique demonstrated in a
qualitative sense that the lubrication variable was important, The applica-
tion of a thin undercoat layer of graphite paint over the male punch was
desirable. Run 1603 included this uncercoat on the female punch too, and
& reduced depth of forging was achieved. This does not seem logical, thus
in retrospect, the reduced depth of forging mey have been due to other
effects such as grain growth, All forgings employed a layer of BN on both
punches, This appears helpful and necessary for good results. The grade
and quality of the BN appears to be important. Some variability in results
may have been related to shifting from one lot to another of the same grade
BN, All of the BN employed weas from one manufacturer*, and geod results
were obtained for both the HIP and the HPM grades.

A pre-sintered preform was employed for all forging and is
preferred over a loose powder or cold pressed preforms used previousl ug.
The main advantage is that second phase inclusions (microcracks and density
gradients) are minimized. Preforms from 50% to 9%6% dense were used, but

due to the fact that other variables were simultaneously introduced, it was
not posaible to determine which condition was preferred. It can be concluded
that both 50% and 96) dense preforms resulted in very good and apparently
equivalent final porosity forged hemispheres (1576 and 1577). Also a 50%
dense starting preform must sinter to ¥ 90% by the time forging is started.
It is thought that as forging conditions are further narrowed, the higher
density preform will be preferred because the pores will te closed and filled

*Carborundum Co.
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with soluble H2.

Most forging preforms were 1 inch diameter by 1 inch high circular
right solid cylinders with a hemispherical cap. Although good forgings were
achieved with this geometry, it is thought that the straight right cylinder
is preferred because for this geometry, the apex receives greater deforma-
tion, This has the potential effect of improving the transparency of the
region normelly considered to be a dead zone. The experiments performed to
date do not definitively answer this question. The preform for 1576 was
shaped to fit 120 arc of the die. Although the total deformation was less
for this geometry, very good results were achieved. The depth of the edge
tears was considerably reduced for this geometry which is a big advantage.
The crystallographic orientation for this specimen was better then previously
achieved on a hemisphere, but it is expected that the right cylinder preform
geometry would give an advantage in that regard.

Roy and coblel estimated that 0.11 w/o Mg0 would be soluble in
Al,04 at 1830°C in vacuum. Based on the 3 v/o spinel found in forging 1727
with’a 0.12 w/o Mg0 starting composition (Figure 23), it appears that the
solubility is considerably reduced in the CO-COp-A press forging atmosphere.
The spinel phase muast stabilize grain size contributing to the ease of forg-
ing and pore removal by diffusional processes. However, it is undoubtedly
a contribution to the effective material's absorption of radiation. Thus, further
work nmust be performed to either determine the correct concentration of
Mg0 for forging or effect the dissolution of the spinel phase through heat
treatment.

Previous discussion has dealt with the phenomenological develop-
ment of crystallographic structures in A12031hb. Basal slip has the lowest
yield stress in Alp0;, thus, as shear stresses and bending moments develop
on each grain due to the imposed force, basal slip begins and as it proceeds,
the grain rotates to become oriented with its basal plane normal to the
imposed force. Not all gralns participate in thils process or orientavion
would be complete. Other deformation mechanisms such as diffusional creep,
grain boundary sliding, and non-basal slip contribute to the total deforma-
tion. Considerable evidence has been obtalned that primary recrystallization
occurs during the forging process. Preferred nucleation apparently accounts
for the fact that the crystallographic deformation structure is retained
through the recrystallization process. The improved orientation for 1576
compared to the earlier hemisphere 1493 is a result of gradual refinement
of the process. The 120° cap preform used in forging 1576 would be expected
to require less deformation (less orientation) than the right cylinder
preform used in 1493, Even though the orientating was not as great as hac
been observed, many disc forgings have exhibited R6160°

In-line trensmission was in the 40-70% range for the infrared
wavelength reglon., The greater transmissivity for a square sectioned from
hemisphere 1576 compared with the apex region of hemisphere 1577 was due
to a reduced thickness for the former sample. The hemlsphere had some
visually apparent porosity in the region vhere the measurement wa: made
compared with the side wall; thus, the maximum transmissivity could be
expected to be same increment higher.

At W s cren e ok et M < mes s
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The infrared transmissivities of the hemisphere.forgings are
compared with earlier flat disc forging in Figure 28. . When transmission
loss for increasing thickness is considered,forging 1576 actually shows up
slightly inferior to 1577. Both hemispheres appear better than disec forging
110, but not quite as good as disc forgings 103 and 47. Besides true
material absorption,the transmission loss is attributed to grain boundary
scattering, phase boundsry scattering, porosity, impurities, and other
wuperfections. The disc forgings were pure Al O-; thus they were free of
MgAlo0), pnase,which probably accounts for thelr slightly high trans-
missivities. It is obvious that the other factors listed are important
since two sections of 110 disc forging had lower transmissivities than the
hemispheres. The fact that the hemlispheres exhibited optical properties
so close to the disc forging lends considerable encouragement toward achiev-
ing the overall good of this task; forging shapes with the optimum properties
of press forged A1203.

The arc testing demonstrated that both press forged A1203 and
MgAl Oh possess enough thermal shock resistance to survive a moderate
tactical missile aerodynamic heating environment. The enviromment was not
sufficiently severe to separate which material was superior, although A1203
is usually considered to have better thermal stress resistance.

The rain erosion testing was at a very high velocity for some
applications, but it was clear that Alp03 was far better than MgAl,0).
This was expected because of the known reactivity of Mg0 and H-O. The
Mg:0 bonds in MgAl,0) are expected to be almost as susceptible to attack
as ig pure MgO. Also, strength is an important criteria én erosion resist-
ancel? and the Alp05 was A 30 Kpsi stronger than MgAl,0),1°.

H. Conclusions

1. Complete alumina hemispheres with high in-line transmission
have been press forged from pre-sintered preforms. Further
improvements are possible, but properties near those of the
best disc forgings were achieved.

2. A preferred basal crystallographic texture was developed
parallel to the hemisphere surface which was attributed
to basal slip playing a strong role in the deformation
process. Improved orientation for a hemisphere was achieved
in this program, but the results do not yet match the strong-
est orientation in disc forglngs.

3. Deformation rate control is very critical as high rates crack
the forging and low rates result in incomplete forgings.
A deformation rate schedule was mapped out and resulted in
four successful hemispheres, Two of these hemispheres
subsequently developed cracks due to punch sticking problems
during cool down.

L, TLubrication in the form of BN cover coat over graphite paint
is beneficial to the forging process.
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Sintered preforms are preferred over cold pressed preforms
used in previous efforts, and the circular right cylinder
geometry appears satisfactory although other geometries such
as a partial hemisphere show promise.

Transmissivity for two forged hemispheres was only slightly
lower at 5 pm than the best flat disc forgings. This was
probably due to the free spinel phase in the disc forgings.

Arc testing in a moderate aerodynamic enviromment showed
press forged A120 and MgAlx0) to possess adequate thermal
shock resistance to survive.

The rain erosion resistance at 4000 ft/sec of press forged
Al50, is superior to press forged MgAl,0), probably due to
the attack of the HoO on the Mg:0 bond, and the greater
strength of A1203

IV. HIGH PURITY A1203

A. General

This program has, for several years, dealt with the preparation
and properties of high purity AlgOg. The main reason for this involvement
was the lack of sufficiently pure polycrystalline AlgO3 for property studies.

This made it impossible to distinguish between structure-sensitive and
composition-sensitive mechanical behavior. The discussion in Section II

was indicative of the ﬁomplicating effects of impurities on brittle mechanical
properties. Recentlyl €, a deformation study on one grade of hot pressed

high purity polycrystalline Al,0; containing 300 ppm anion and cation
impurities (mass spectrometric analysis) contributed significantly to
increased understanding of the deformation process.

Mr. K.S. Mazdiyasnl of the Wright-Patterson Alr Force Materials
Laboratory has long been interested in producing high purity oxide powders
from organo-metallics. High purity fine particulate yttria-stabilized
zirconia was produced in sizable quantities, and one of the authors was
involved in a detailed processing study on this material 20, Recently,

Mr. Mazdiyasni has produced Al;03 with approximately 30 ppm cation impurities;
thus, it was decided to participate in a cooperative program witi AFML aimed
toward the fabrication of high purity polycrystalline A1203 from an organo-
metallic synthesis route. It was expected that ultimately some mechanical

or other physical properties of these samples would be measurcd.

B. Powder

Preliminary work on the preparatior of high purity A1203 from
organo-metallics estahlished that the dried hydrolized material was 5Al203 .
H50 with about a 20 particle size as determined by electron shadowgrapg
technique.. Calcining the powder for 24 hours a- 750°C increased the
cry<talli.e size to 100 X and produced eta Alp03. Conversion to alpha
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A1203 occurred after a 120000 calcination.

Preliminary lots 1-b4 had an impurity analysis as shown in Table VIII.
This was a semi-quantitative emission spectroscopy impurity analysis using
99.9999% Al reference material.

Several hundred grams of 99.9999% Al were supplied to AFML for
conversion to Al,0;. This material was calcined by several techniques
known to afflect thée agglomerate structure. The list of powder batches and
their caleining conditions is given in Table IX.

C. Hot Pressing Results

Vacuum hot pressing was conducted in a resistance heated furnace
using Poco high strength graphite dies. Considerable care was exercised
in die cleaning and powder transfer operations. For example, the latter
operations were conducted within a glove box. The hot pressing conditions
and results are listed in Table X.

The initial set of hot pressing parameters was selected based on
fabrication studies of high purity Al203 derived from recrystallized
AlQ(SOh)3.lhf Only 96.4% of theoretical density was obtained for run 1578,
using poirder calcined at 1150°C where a density in excess of 99.5% was
expected. The next five pressings were conducted using the same powder lot
in an effort to achieve the desired density. First the time parameter was
increased from 10 to 60 minutes with a resulting improvement to 99.1%
density. Then temperature was increased from 1400°C to 1450°C and finally
1500°c. The density gain was marginal and judged not worth the increased
grain size. Next, powders calcined at two lower temperatures (750° and
950°C) were pressed under modified conditions based on the initial series
vith resultant densities of only 92 and 97.2% of theoretical.

Observations during a sintering study on the organometallic derived
Zyttrite powder led to the conclusion that the agglomerate structure
affected both the kinetics and microstructure development during consolida-
tion”0, Water washed Zyttrite resulted in plate-like pore pockets. Alcohol
vashing of Zyttrite powders during the last stages of the powder process
reduced the interagglomerate crystallite bonding to the point where, in the
final powder compact, preferential interagglomerate sintering did not
dominate the microstructure development. Various kinetic and microstructural
observations led tc the conclusion th % intra-agglomerate sintering controlled
the kinetics in the final stage of sintering. The water washed Zyttrite
powders gave higher hot pressed density and did not show the unusual pore
pockets noted in sintering. This reversal in kinetic behavior was never
explained.

A series of three hot pressings were conducted with alcohol washed
Alp0; under the premise that alteration of the agglomerate structure would
improve the consolidation kinetics in an analogous manner to Zyttritc.
Runs 1609 and 1610 were conducted with an argon atmosphere in heating to
1250% followed by switching to vacuum for the remainder of the run. This
procedure reduces the turbulence in the chamber and powder column during the
initial consolidation period at the expense of efficlent outgassing. Run 1618
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TABLE VITIT

Impurity Analysis of Alkoxy-Derived AloO3 Lots 1-h

Cation

Zr

si

Ti

Ni

Concentration
ppm

8
6

TABLE IX

Alkoxy-Derived A1203 Powder Preparation and Calcining Condition

Number

1

Wash Calcination

water 50
Water 550°¢

Water 750°¢C

Water . 950°¢

Triple Alcohol 50°¢
Triple Alcohol 1000°%

Water 1150°¢

24 hrs.
hr.
hr.

hr.




Pressing
Number

TABLE X
_-

Hot Pressig§ of Alkoxy-Derived A1,04

Powder
Lot

1578
1588
1589
159¢
1501

\
1593,

159k
1595
1609%
1610%
1618

. \
1620 !

7

1

Tenmp.
°¢

1400

e
1406

1450
1500
1500
1400 !
150
1400 i
1400
1400

1400

1
]

Pressure

Kpsi
15
15
15
15
15
1
15
15

Time
min.

10
35
62
60
91

\
Density
% Theoretical

96. k4
98.9
99.1
299-3
98.9
'99.2
92.0
97.2
9.1
96:5
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was performed in vacuum atmosphere throughout and a slight gain in final
density from 96.5 to 97.0% was noted.

v

‘The last run conducted during this proéram was a repeat of an!
earlier run with lot 7 powder. Since considerable time and a furnace .
rebuilding occurred between the early runs (1589 and %620), it also
served as a measure gf reproducibility. The 97.2% relative density was
2.9% lower than achidved for'1589 indicating conditions were in some way
altered compared with the early experiments. It is most likely that the
sample temperature was lower than previously existed for the same observed
temverature. Having run 1620 did make it possible to draw some conclusions
for the various powder lots (Section E).

D. Characterization \ _
"A complete kﬁcrostructural analysis was performed on sample 1589.
Figure 2%a illustrates the presence of about 1% porosity with a nonuniform
distribution, Figure 29 is a fractograpp showing conslderable transgranular
fracture and the beginning of exaggeratedigrain growth. The grain inter-
cept was 3.1 pm., Figure 29¢ illustrates g pore pocket found on a fraccured
v ‘grain face.

.The Knoop hardness of lhis specimen was 209@ kg/mme. The value
agrees well with literature values for A1203.

E. Discuséion

\ The organo-metallic route for Al,03 powder synthesis appears capable
of achieving a high purity fine particulaté powder. The water washed powder
exhibited microscopic evidence for tight well bonded agglomerates. The
alcohol washed powder was not examined., The lot T water washed powder :

" calcined at 1150°C - 3 hour received the major emphasis. Althoygh the -
crystallite size was not measured, it was thought to be {41000 A. Based
.on a kcomparison of density achieved for a given process cycle with 3000 R
sulfate derived pbwder, powder lot T does nof appear particularly active.
Powder lots 3 and 4, which are close to 100 A crystallite size, exhibited

final densification kinetics even slower than lot 7. This, of course, does
not fit kinetic models based on diffusional control of densification where
densification rate iso< (size)=3. }
! The microstructure study showed that very dense islands were
* geparated by zones or pockets of somewhat higher porosity. Evidence was
obtained for a pocket of pores on one grain face. The grain structure
showed signs of exaggerbted grain growth, although the 3.1 pm grain inter-
cept was remarkably close to th 3,2 pm grain intercept achieved foﬁ the
sulfate derived high purity A1403 processed by an identical cycle.l“8
\ \
! Combining these facts leads to the conclusion that interagglomerate
“sintering dominates the densification to the detrement of intra-agglomerate
sintering., This explains the dense \slands surrounded by porous zones.,
Apparently the between-agglomerate densification occurs in a sequential
_ fashion after the interagglomerate sintering leading to the slow kinetics.

! ' !

\

i \
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The high concentration of pores,especially on grain faces, is unusual, and
it is quite probable that a contributing factor to the pore :mtration
is gas entrapment. The high surface area powder could be expec.ed to have
a considerasble volume of adsorbed gas. As this gas evolves, it would
collect at the aggloserate boundaries which, according to the proposed
model, undergo densification last.

The alecohol washed powder did not improve the consolidation
kineties. Neither the powder or consolidated microctructure have been
critically examined, so conclusions cannot be made concerning the effect-
iveness of the alcohol washing on wmicrostructure development. The effect
of the alcohol wash on consolidation kineties is exaggerated by the apparent
alteration in thermal enviromment between the early i1uns and runs 1618 and
1620. The closeness in densities of the latter runs indicates that the
kinetics are only slightly slower for the alcohol washed powder and further
work with these powders appears justified pending microstructure examination.

F. (Conclusions

1. The organo-metallicroute for A1203 powder synthesis appears
capable of achieving a high purity fine particulate powder.

2, The consolidation kinetics are slower than would be predicted
for the fine particulate size. Based on thils cbservaticn and
porosity distribution in one 99.1% dense sample, it is
concluded that interagglomerate densification is completed
first. Both kinetics and final microstructure development
are controlled by intra-agglomerate diffusional processes
for water washed powder.

It remains uncertain whether or not alcochol washing is
advantageous.

It remains uncertain whether or not a truly unique high purity,
high denslty, fine grained A1203 can be achieved by hot pressing
organometallic produced powder.
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